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Abstract 
The goal of this project was to research the material properties of the green building 
material COB in order to better understand how to apply COB in real world applications. The 
research portion included soil analysis, compression, modulus of rupture and elasticity tests, 
hydrometer analysis, and atterberg limits tests. Additionally, through a partnership with the 
professionals of the COB Research Institute team and another COB-centric senior design group, 
this team was able to produce the first full-scale wall tests for COB. Four 7-foot walls were 
constructed and in-plane lateral cyclic loading was applied to create the effects of a COB 
structure under lateral loading. The results of the full-scale tests are in the process of being 
incorporated in the entry for COB into the California Residential Code, with a recommendation 
given for the reinforcing design that performed the best, through allowable load and deflection 
calculations. Finally, the team used a sample footprint for a simple house to develop structural 
house components for a COB structure that could benefit COB application in the real world. The 
simulated application of COB is helping the COB Research Institute formulate their submittal 
and ultimately provide a jumping off point for further research of this nature. The ultimate goal 
was to spread awareness of sustainable building practices and make them more accessible to the 
general public. 
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Introduction  
The goal of this project was to work alongside the COB Research Institute (CRI) team; 
Anthony Dente, Massey Burke, and John Fordice, to help legitimize the use of COB structures in 
the California Residential Code. By advancing COB research and understanding its material 
properties in the United States, COB can be incorporated in building codes, and construction can 
be introduced globally. In COB construction, materials to build a structure are supplied locally 
because COB building incorporates the use of natural materials. Developing nations do not have 
the means to construct with typical materials found in the United States, such as steel and 
concrete. It is therefore important to provide them with reliable buildings made with less 
expensive materials. This team brought further attention to COB in the United States by 
conducting novel tests and delving further into the research of this material. 
Together with another COB senior design group, the teams built four different COB 
walls. These four walls included the common practice, medium design 1.25:1 aspect ratio, 
medium design 2:1 aspect ratio, and heavily reinforced walls with a height of seven feet and a 
16-inch thickness. The common practice wall represents current building methods that can be 
found in the field, which includes a foundation connection of rigid rocks and no added steel 
reinforcement. The medium design wall uses only minimal rebar reinforcement at the bottom and 
top of the wall, and it also included horizontal wire mesh ladder reinforcement. The 1.25:1 aspect 
ratio indicated a seven foot (7’) tall wall with a wall width of 5.6 feet, as seen in Figure 1. The 
medium design 2:1 aspect ratio wall indicated a seven foot (7’) wall with a width of 3.5 feet. The 
smaller aspect ratio was thought to fail in flexure while the larger aspect ratio was thought to fail 
in shear. This wall also had horizontal wire mesh but incorporated two pieces of vertical rebar 
connecting the top plate down to the base to act as a hold down during in-plane bending. The 
heavily reinforced wall also had a 2:1 aspect ratio but had rebar both vertically and horizontally. 
This last wall mimics what is found in concrete and masonry. COB is brittle like these materials, 
so the team wanted to observe how this type of reinforcement would act under seismic loading. 
The team designed a base foundation, scaffolding and simulated roof connections for the two 
walls assigned to this team. To fully understand the material properties of COB, the team tested 
for the compressible strength, modulus of elasticity, and modulus of rupture with the machines 
located in the Santa Clara University (SCU) Civil Lab to provide standards for COB’s use. 
2 
Additionally, soil testing was done on the soil used for the COB walls by doing the sieve 
analysis, hydrometer test, liquid limit test, and the plastic limit test. 
  
 
 
Figure 1. Medium Design COB Wall with a 1.25:1 Aspect Ratio.  
 
These tests provided information for the design of a simple COB structure shown in 
Figure 2, which provided the team sample dimensions for structural components with COB. The 
team focused on wall-to-wall connections, roof-to-wall connections, and both window and door 
openings. The structural components recommended by the team will provide suggestions for real 
world applications utilizing COB as a building material. This was done by using the hysteresis 
diagrams produced by the cyclic loading machine located in the SCU Civil Lab. Values were 
determined for the strength and deflection of each of the four walls. There is no set standard for 
COB in our building codes because COB is not currently a common building material. The tests 
done at Santa Clara University were not sufficient in providing every value to calculate seismic 
loading of the walls in the proposed structure, as only in-plane testing was done. In order to 
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make up for the missing information, values from concrete and masonry, which act like COB, 
were used in place of the unknown values for specific calculations. These substituted values 
provided an estimate of the loads the proposed structure could withstand until further tests can be 
performed on out-of-plane loading of COB. 
 
 
Figure 2. Floor Plan for Proposed Simple COB Structure. 
 
Demonstrated Need for Project 
COB walls can be dated back to historic times due to the material’s simplistic nature. A 
typical COB mix includes clay-rich soil, water, straw, and sand. Based on its makeup, COB is 
fireproof and inexpensive. 
In recent years, there has been a resurgence of interest in building with COB. This peaked 
interest is driven by the fact COB is the most ecological way to build a structure because 
materials are available for a low cost or can be found near a project site. There is no building 
code yet for COB in North America. This fact burdens those wishing to build out of COB.  
Many individuals in developing nations do not have the means to construct with materials 
like steel and concrete. It is therefore important to provide developing nations with reliable 
buildings made with less expensive materials. This team is bringing this building method to the 
United States by performing large-scale tests on the material. In the United States, construction 
with COB will emit less carbon dioxide compared to other construction materials. The team’s 
research will open the way to various innovations that incorporate COB. 
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Problem Statement 
 As the world continues to grow more and more environmentally friendly, so too do the 
materials that we construct with. Although COB has been around for thousands of years, it has 
grown in popularity recently due to its low cost of construction and low impact on the 
environment. Although there is a committed community to building with this earthen material, 
even modern techniques of building and mixing materials lack in consistency and 
documentation. Through a university setting, the team aimed to provide this consistency in 
building to better document material properties and important design values for COB.  
Considering that there is exceptionally little testing done on COB in comparison to more 
commonplace materials, especially on this size scale, testing was done on four different wall 
designs. Some of these walls share certain parameters and differ in others. The diversity of these 
walls allows for a range of results that can provide valuable information on the failure modes of 
COB as a material. Results from the team’s lateral and compressive testing of the walls using a 
standardized approach will encourage further research and give engineers a stepping stone on 
how to approach this unique material. 
 
General Site Details 
 Work for this project was done in the Civil Engineering and Structures Lab at Santa Clara 
University. Base design and calculations took place in the Civil Engineering Computer Lab. 
Construction of all four bases, as well as the concrete pour, was done in the Structures Lab. Four 
cement mixers housed in the Structures Lab were instrumental in the mix of COB’s ingredients. 
After the four walls dried for three months, final testing was done in the Multi-Degree of 
Freedom Testing Frame at Santa Clara University.  
 
Project Scope 
The objective of this project was to create usable experimental data on full size COB 
walls in experiencing in-plane shear. This data specifically aimed to get COB as a material 
accepted into the California Residential Building Code. In order to obtain usable data, many 
steps had to be taken. First an accurate and reproducible method had to be developed in this COB 
building process to ensure reliable results. Most COB builders add water, sand and straw at their 
discretion or until the material feels workable. This method is not acceptable for research 
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purposes, so a fixed measurement of each quantity was determined to ensure consistent COB. 
The team confirmed that each measurement was appropriate by creating samples and using the 
input of the COB professionals from CRI on best practices for mix design. 
The following step was to analyze the seismic data produced by the in-plane testing 
machine. This machine gave the team load vs. deflection hysteresis curves that can be used to 
predict COB’s performance during an earthquake. In addition to this data, the team conducted 
small scale testing to give other relevant material properties, such as the modulus of elasticity, 
compression strength, and modulus of rupture. 
Based off the analysis of the seismic data and small scale testing, the final objective was 
to look at a real world application of a COB structure. The team looked into a simple one-story 
COB structure to suggest COB structure connections that the team believes can be implemented 
in the real world. The team looked into roof to COB wall connections, wall to wall connections, 
and window and door openings in COB structures. 
 
Analysis of Alternatives 
Alternative solutions 
Sustainable building has become a steadily growing facet of construction and 
architecture. Dedicated researchers have been unearthing a wider range of green building 
materials with laudable goals in mind: reuse of materials, use of lower energy produced 
materials, and developing materials out of sustainable resources not typically used for 
construction. In preparation for senior design, the team agreed that the community aspect of this 
project should pertain to green construction, thus the group decided to research and test an 
underutilized building resource that would work to combat the typically highly polluting nature 
of construction. Materials researched included straw-bale walls, plastic composite lumber, and 
COB. Santa Clara University is especially blessed to boast one of the world’s leading experts on 
straw-bale, and as such there have been senior design projects dedicated to its research in the 
past. The team was hesitant to pursue this project, as it would have heavy overlap with such 
previous projects. Straw-bale construction consists of using bales of straw as a structural element 
and insulation. Plastic composite lumber incorporates recycled plastic resin into wood or other 
plant fiber, combining the benefits of both materials. This material already had significant 
dedicated research, as well as being mass produced and readily available to most consumers. 
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Finally, the team researched COB after attending a presentation by the COB Research Institute, 
where the group was swayed by how readily accessible this material is, and how it has little if 
any environmental impacts in its application. 
 
Comparison of Alternatives 
 Technical Feasibility 
 In terms of technical feasibility, it is difficult to compare these three materials, as their 
applications are variant. Straw-bale walls are solely used as a structural monolithic tool in 
buildings. Due to its limited capacity, there are restrictions on building size and roof loading. In 
terms of testing, straw-bale walls are an excellent candidate, as the required materials are readily 
available and the walls are light enough that they would not require specialized machinery during 
the testing phase to be placed in the testing apparatus. Additionally, when in the actual field, the 
walls only require designing and building a foundation, with a connected Post and Beam style 
reinforcement system, that would then be filled in with stacked the straw bales strategically 
through the reinforcement and applying a lime coat, all of which can be done within the span of a 
few days. This process would not be a significantly time consuming and requires little pre or post 
treatment outside of the coating to dissuade rot. Plastic composite lumber requires specialized 
tools to make, therefore sheets would have to be purchased and then constructed into the desired 
structure for testing. Plastic composite lumber has a lower strength capacity than typical lumber, 
and it is predominantly used in decking and other outdoor wooden non-structural components. It 
can, however, be used in structural applications if proven safe, and it features excellent 
workability, rot-resistance, and durability. The material does absorb water and can have less 
stiffness depending on the composition. Composite lumber, outside of its limited applications, 
would also be more unpredictable in terms of testing requirements as it has not previously been 
utilized in similar cyclic testing as straw-bales and COB. COB has issues with constructability, 
limiting building to 4-12 inch lifts because of the slump associated with wet materials. 
Additionally, there is a required three month drying period to achieve required strength. COB is 
a brittle material, built monolithically, and can be constructed in nearly any location. There are 
issues with the weight of the walls, which means a specialized form of transportation is required 
to move them into the testing apparatus. Ultimately, each alternative poses their own issues, but 
all could theoretically be technically feasible.  
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 Cost 
 Cost ultimately drives the majority of construction decisions, as building remains 
extremely expensive. This project received funding through the University. Each of the 
alternatives require lumber, concrete, plates, brackets, and fasteners for the base. Straw-bales and 
COB each need threaded bar for reinforcement. Next, straw-bale walls require at least eight (18 
in. x 16 in. x 48 in.) bales at approximately $8-12 per bale and a lime coating that costs 
approximately $25-32 per bucket. Plastic composite lumber sheets cost as low as 25 cents per 16 
foot-long board based on the type of wood scraps utilized. Finally, COB requires soil, sand, and 
straw, all of which were provided by the Structures Lab on campus and the COB Research 
Institute. If this project did not take place in a university setting, a builder could purchase a 50-
pound All Purpose Sand at $4.00 per bag, by straw-bales at the same price noted above and $34 
per cubic yards of soil.   
 
 Environmental Impact 
 When comparing the environmental impact of the three materials, there were several 
aspects to consider: production, transportation, construction and long-term impacts. Straw-bale 
has negative environmental impacts in the global transportation of both lime and straw bales. 
The lime coating is required to eliminate moisture from rotting the straw, but there may be more 
environmentally-friendly alternatives than typical lime coating, these options would likely be 
more expensive. Lime, similar to concrete, absorbs greenhouse gases over time, however, for 
every pound of lime produced the material releases approximately a pound of CO₂. This offsets 
any potential advantage gained. The straw in the straw-bale walls also possesses a carbon 
sequestering capacity that is beneficial. There are both positives, neutrals and unfortunately 
negatives as there is a greater amount of transportation required to source, produce, package, and 
ship the required materials. Plastic composite lumber has harmful impacts from production, 
transportation, and construction. COB is constructed out of local materials that requires little 
transportation or production compared to typical materials like concrete or steel. There can be 
greater environmental impacts depending on if the materials are not locally sourced (which is not 
the norm). Additionally, the mixing procedure used did require electricity for mixing, which 
contributes to greenhouse gas emissions. It does require the use of machines for movement, but 
when constructed in the field can be done entirely by human hands.  
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 Capacity 
In terms of capacity of the materials, this is determined through the design of the test 
walls. In terms of the material properties, plastic composite lumber is the most flexible with a 
modulus of elasticity of 6000 MPa, next COB has a modulus of elasticity of 71.5 MPa, and 
straw-bale is the least able to resist non-elastic deformation with an elastic modulus of 0.35 
MPa.. This solely shows flexibility, but can be used as an indicator for capacity to resist flexural 
failure. Strength-wise, COB has the highest density, which contributes to the material having the 
second highest compressive strength of the three materials. Plastic composite lumber has the 
highest compressive strength with 25-50 MPa, straw-bale has 1.27 MPa, and COB had a 
compressive strength of 1.29 MPa. Both composite plastic lumber and COB have a higher 
capacity than straw-bale in both tension and compression, but plastic composite lumber is far 
superior overall in terms of capacity. 
 
Selection Logic 
 The final selection for the team’s senior design project distilled down to what material the 
group felt would have the greatest positive impact. Plastic composite lumber was an already easy 
to access product, which most builders are aware of and has been researched to an extent. Straw-
bale construction may be less utilized, but Santa Clara University has already disseminated great 
quantities of research on the materials, and the team was concerned this research would overlap 
too greatly with the work that had already been published. It was decided to pursue what the 
team deemed the material that had the greatest potential to further the Green Building movement 
and benefit the community.  
 
Design Criteria and Standards 
 The design and analysis phases of the project required relevant building codes for 
calculation purposes and for a frame of reference of the properties of COB. Table 1 lists 
applicable codes utilized.  
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Table 1. Relevant Building Codes. 
Relevant Building Code Design Aspect Senior Design Usage 
ASCII Equation 19.2.2.1a Modulus of Elasticity 
Equation and Definition 
Small Scale Testing 
2015 IBC 2019.3.1.2.4 Modulus of Rupture Equation 
and Definition 
Small Scale Testing 
NDS Table 12N Shear for 16D sinker nail in 
Douglas Fir Larch 
Window and Door Opening 
Design 
IBC Section 2306 Allowable shear in 1” deep- 
7/16” wide staple 
Window and Door Opening 
Design 
ASCE 7-10 Equivalent lateral force 
method for calculating 
regional seismic forces 
Wall to Wall Connection 
Design 
ASCE/SEI 7 Directional 
Procedure 
Main Wind Force Resisting 
System (MWFRS) design 
pressures 
Roof to Wall Connection 
Design 
  
Description of Designated Facility 
 Design Approach 
Working closely with CRI, the group configured a consistent base design for all four 
walls. Each of the four walls had different reinforcement configuration in order to test the 
advantages of different field practices. The first wall tested was the Common Practice wall with a 
1.25:1 aspect ratio. Most COB houses are built like the Common Practice wall. Houses being 
constructed face a major challenge; difficulty of obtaining permits even though an Official USA 
based earthen building design guide exists (ASTM E2392). Common Practice walls were built 
with no anchor bolts. The only anchorage seen in the wall was through the rocks sticking out of 
the concrete and through the top plate as the testing machine loads the wall from the top, as seen 
in Figure 3.  
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Figure 3. Verdant Structural Engineers Drawings for Common Practice Wall. 
 
 The first Medium Design wall with a 1.25:1 aspect ratio was based on a design option in 
the New Zealand Building Code. This code recommended a horizontal wire mesh system. Wire 
mesh is a blossoming new development in the field of Earthen Building, which has attracted 
greater attention as of late. The team, therefore chose to incorporate this system into the wall 
design, as shown in Figure 4.  
11 
 
 
Figure 4. Verdant Structural Engineers Drawings for Medium Design Wall 1.25:1 Aspect Ratio. 
  
The second Medium Design wall had a 2:1 aspect ratio. A smaller aspect ratio wall 
mimics what is currently being proposed in the field (Verdant Structural Engineers). Like the 
first Medium Design Wall, this wall incorporated horizontal wire mesh into its design. Two 
vertical pieces of rebar spanned the height of the wall to act as a hold down and facilitate flexural 
movement for in-plane bending, as shown in Figure 5. 
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Figure 5.  Verdant Structural Engineers Drawings for Medium Design Wall 2:1 Aspect Ratio. 
 
 The team’s final wall was designed to be a Heavily Reinforced wall with a 2:1 aspect 
ratio. This design most closely relates to what is required of masonry and concrete structures. 
Both materials are known to be brittle, which would therefore face similar issues to COB. Rebar 
was run both vertically and horizontally to reinforce the wall in both directions, as seen in Figure 
6.  
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Figure 6. Verdant Structural Engineers Drawings for Heavily Reinforced Wall. 
 
Innovations 
 Mix Design Research 
COB behaves similarly to masonry, adobe, and concrete, however, research in earthen 
building helped influence the design of COB walls and the addition of straw does improve 
tensile strength. COB is a feasible building material and is suitable for the construction of homes 
around the world. COB requires a ratio of sand, straw, and clay to make an effective mixture. 
Authors Akinkurolere and Jiang determined through sieve analysis and moisture content testing, 
that a straw content of 1-1.5% is optimal when building a safe structure with COB 
(Akinkurolere, 8). Straw reduces the effect of the high moisture content of the clayey soils in the 
mixture and prevents collapse in structures by reducing shrinkage cracks. Sand content in the soil 
influences compressive strength positively when mixed with long fibered straw (six inches or 
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greater). Long fiber straw is used to maximize the strength of the walls constructed when testing 
under seismic loading (Pullen, 88). 
  
Similar Material Research 
Some materials that show similar properties to COB are straw-bale and block masonry. 
Santa Clara University straw-bale research was deemed useful when compared to the design of 
COB against straw-bale. Professor Mark Aschheim performed in-plane shear tests of six load-
bearing straw-bale walls (Ascheim, 4). Through multiple tests to determine allowable shear of 
the straw-bale walls, it was concluded that lack of reinforcement in straw-bale walls lead to 
cracking under lower capacity. The team therefore determined that it would be beneficial to test 
with only straw reinforcement in one wall, along with various amounts and configurations of 
steel reinforcement to determine if COB walls should incorporate some type of reinforcement, as 
well as to determine limitations associated with the applied reinforcement. 
Lorenzo Miccoli presented the results of experimental anchor pin testing in earth block 
masonry, rammed earth and COB (Miccoli, 7). There is limited data about anchor pins in earthen 
materials, so Miccoli’s research shed light about where the critical point, or bond, between the 
grout and earthen surface is located. Testing showed that COB had a higher pull-out capacity 
than rammed earth and earth block masonry due to its interlocking material properties. It was 
also concluded that rods and nuts displayed a higher pull-out capacity when grout was injected 
into the drilled holes in the wood. This feature was implemented into all four of the COB walls. 
Each wall was topped with a rod nut combo through a piece of plywood that was embedded into 
the COB wall and grouted in the wood to create a higher pull-out capacity when tested for shear 
strength. 
Research for natural resources in earthen materials, such as compressed blocks and 
plasters, as well as the physical performances of these materials is currently underway. Authors 
of the book Construction and Building Materials concluded that the effect of fiber in the COB 
mixture improves the compressive strength (Laborel-Preneron, 719). Similarly, the tensile and 
flexural strength can be increased depending on the geometry of the straw incorporated in the 
mix design. The team referred to Table 2, listed below, to help determine the weight of straw 
necessary to add to the mix in order to create a wall that can withstand high compressive, tensile 
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and flexural loading when a simulated earthquake happens. A higher percentage of 2.7% adds 
more tensile strength to the mix as well as reduces shrinkage cracks within the COB wall.  
 
Table 2. Percent Weight of Straw 
Laborel-Preneron: Construction and Building Materials Table 7 
Plant aggregates or fibers 
Type Length (cm) Content (wt%) Technique 
Seaweed 1 10 Adobe 
Wood aggregate 2 10-40 Pouring 
Cotton  0-6 CEB 
Straw  2.7 Vibro-compaction 
 
Wall Design and Connection Research 
Minke, in his book Building with Earth: Design and Technology of a Sustainable 
Architecture, stated that in order for a COB structure to resist seismic motion, the foundation 
needed to act like a stiff ring anchor and should be reinforced (Minke, 136). Conclusions were 
made that determined foundations, walls and roofs should be fixed to each other to withstand 
shear forces. His conclusions inspired the design of this project’s wall foundation. The concrete 
poured had rebar reinforcement in the bottom section of the base and rebar that ran through the 
concrete and length-wise in the wall seen in Figure 6. These anchors tied the foundation to the 
wall and acted as a connection to the simulated roof beam. This was tested in the Medium 
Design 2:1 Aspect Ratio and Heavily Reinforced Walls seen in Figures 5 and 6. 
For COB to be efficient, Williams-Ellis concluded that the wall thickness had to be more 
than 18 inches (Williams-Ellis, 130). Due to the weight of the mixture, the upper layers of COB 
compress the lower ones making them denser, which allows the lower portion of the wall to bear 
more load. The team modeled the wall thickness after this passage. The walls were relatively 
short compared to the 30-foot long walls described in the text, so the team felt that a 16-inch 
thickness would be sufficient.  
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Patents 
Buried geo-grid wire mesh is a new system and method to reinforce earthen walls (Ruel, 
2010). Ruel and Swanson incorporated a buried geo-grid wire mesh component to the wall 
design, as this patent proved helpful in further research. The goal of this patent is to control any 
movement the wall might experience during construction. The inventors created this patent to 
prevent loop portions of the wire mesh from straightening under loads bearing on the wall. Ruel 
and Swanson do this by engineering loop portions that are slightly oversized to allow locking 
pins to be inserted. When the wall experiences loading, the loop portions straighten, holding the 
pin against the wall panel (Ruel, 2010). The inventors can therefore conclude that this system 
creates a stable reinforcing wall. The project consists of four pieces of horizontal mesh running 
up the wall every two feet. The senior design team tested how a COB wall with similar 
reinforcing would perform when experiencing lateral loading, so this patent provided useful 
information as to why this wire mesh will help strengthen the team’s structure.  
 
Problems 
Challenges with the Technology 
While COB is an all-natural and cost-effective building material, there were many 
inconsistencies within the mixture during wall construction. Based on the other senior design 
report, COB: A Sustainable Building Material, each batch was .71 cubic feet total of soil and 
sand combined (half of each material) mixed with 120 grams of straw (Eberhard et. al, 2018). 
Even though the water varied, the initial quantity used was four quarts per batch. The building 
process took place in winter where the rain played a factor. The sand and soil used for the batch, 
therefore, were moister than usual on a rainy day. This forced the team to reduce the added water 
as the group could no longer use the consistent four quarts. Another inconsistency arose from the 
different bags of sand. Although the bags of sand were the same type and ordered from the same 
company, some sacks had sand that was more angular than others. This caused the team to 
reduce the amount of sand used in the mix and increase the amount of clay to increase 
workability of the mix. While the goal was to keep each batch of COB consistent, it proved a 
challenge because of the discrepancies between the materials within the mixes. 
The COB Research Institute (CRI) has spent years perfecting the process of making 
COB. Without their help, the team would not have known what the proper consistency of the 
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mixture should be, as it is usually simply described as “wet and clayey.” Building with COB is 
largely determined on feel so this description can mean something different depending on the 
person. Also, without CRI on board, the team would have spent time developing different mix 
ratios and waiting months for the samples to dry before the team could have tested them for their 
strength. One problem with relying on their mix design recommendations is that most people in 
the field do not have access to the testing machines made available through Santa Clara 
University’s Civil Lab. Builders in the field or those looking to develop COB in developing 
countries should not randomly select a mix ratio and implement it directly in the field. As a 
result, they must be certain that their mix is the strongest it can be to provide a strong and 
reliable structure. 
Moisture is another factor that affects the drying process of COB. COB requires at least 
three months of drying to reach an effective strength. Tropical environments with high humidity 
will cause the drying time to increase. As a result, the COB mix can remain wet for long periods 
of time. If one were not aware of this fact, their structure might compress under loading due to 
the inability of the soil and straw to adhere to each other.  
 
 Permitting, Political and Safety Issues 
 Even though there is an official USA based earthen building design guide, there are still 
limited guidelines for building with COB. As a result, COB structures are being constructed 
similarly to the Common Practice Wall. This construction may lack anchoring bolts, which is 
instrumental in keeping a structure intact during an earthquake. California is a highly seismic 
region. As a result, it is uncertain if these structures with little to no reinforcement could 
withstand seismic forces, especially in this region.  
 
 Environmental Impacts 
 Today, many structures incorporate concrete into the construction process, however, 
concrete production contributes to high 𝐶𝑂2 emissions into our environment. Extracting raw 
materials for concrete production not only degrades the landscape, but increases dust and noise 
and contributes to loss of greenland. Once concrete is produced, it must be transported to the site. 
Transportation of concrete increases energy consumption and vehicle pollution.  
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 This senior design team is proposing a solution to the environmental harms and 
shortcomings of concrete by proposing COB as an alternative building material. COB’s materials 
are simple, consisting of sand, straw, soil and water, therefore, these materials can be locally 
sourced in many tropical or temperate climates in order to reduce transportation costs and vehicle 
emissions. COB is biodegradable. If a structure were to be abandoned, it could be incorporated 
back in nature without leaving a negative impact.  
 The use of COB would create structurally sound houses that minimize negative 
environmental effects. In developing countries, people do not have access to building with 
concrete, steel or even timber. Using COB as an alternative material in areas where the required 
materials are readily available would provide many people proper housing while having a 
positive impact to the environment.  
 
 
Results 
 Soil Test 
The soil used for the team’s COB walls, which was donated by the COB Research 
Institute, was ideal soil for COB construction, as based off the results from the soil testing it had 
a high clay content. As stated previously, a sieve analysis was done on the soil to find the 
distribution of soil size in the soil being used for construction. Possible options for soil size 
distribution were gap graded, poorly graded, or well graded soil. As can be seen in Figure 7, the 
soil was well graded, which indicates that there is a fairly even distribution of soil size in the soil 
being used for construction. 
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Figure 7. Grain Size Distribution. 
Figure 7 represents the grain size distribution graph, with the percent finer on the y-axis and the 
grain size on the x-axis. To further support that this soil was well graded, the uniformity 
coefficient (𝐶௨) was found using the equation, 
𝐶௨ =
஽60
஽10
,                                                                                                 (1) 
where 𝐷60 and 𝐷10 are the diameters corresponding to percents finer at 60 percent and 10 
percent, respectively. The uniformity coefficient was found to be 5.88, indicating (since it is 
larger than one) that it is a well graded soil, which is the size distribution of soil needed for COB 
construction. 
Along with the sieve analysis, a hydrometer test was performed on the soil. The 
hydrometer test allowed the team to determine the distribution of fines in the soil for the fraction 
of particles that passed through the No. 200 sieve.   
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Figure 8. Distribution of Fines. 
 
 In Figure 8, percent finer was plotted against the varying grain size of the soil. After 
performing the test, 100% of the soil passed through the No. 200 sieve (0.075 mm). As a result, 
this trend was similar to that of clay-like soil, which is perfect for COB construction. The silt and 
clay content was 14.8% with the sand and clay being at 38.1% passing .002 millimeters.  
The liquid limit, LL, of the soil represents the moisture content at which it changes from 
plastic to a liquid state. For this test, N (number of blows), which is the number of blows 
required to change the soil from plastic to limit state, is plotted against moisture content. Two 
tests with results above 25 blows and about two with a blow count below 25 blows should be 
plotted in order to find the best fit line to find the moisture content at exactly 25 blows. Looking 
at Figure 9, two tests above 25 and three tests with results below 25 were plotted.  
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Figure 9. Number of Blows vs. Moisture Content. 
 
 From this graph, the group used the best fit line to determine that the moisture content of 
this soil at 25 blows was 45%. This percent corresponds to Kaolinite, a clay rich soil, which has 
a liquid limit of 35-100%.  
 To support this result, the plastic limit test was performed. This test defines the moisture 
content of the soil as it changes from a plastic to solid state. The plasticity limit, PL, could be 
found using the following equation: 
𝑃𝐿 =
௠௔௦௦ ௢௙ ௠௢௜௦௧௨௥௘
௠௔௦௦ ௢௙ ௗ௥௬ ௦௢௜௟
=
ெ2ିெ3
ெ3ିெ1
× 100                                                       (2) 
From there, the group could find the plasticity index, PI, which can be found using the equation: 
𝑃𝐼 = 𝑃𝐿 − 𝐿𝐿               (3) 
For the soil, the plasticity index was 6.7, which also corresponds to Kaolinite.  
 
Small-Scale Test 
The small-scale testing phase was broken into three parts: Modulus of Rupture tests, 
compressive tests, and Modulus of Elasticity tests. The Modulus of Rupture tests helped 
determine the flexural capacity of COB provided by the straw based on the conventional COB 
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mix. Three 8 in. x 8 in. x 26 in. beams were built using the standard experimental COB mix 
formed into wooden frames. An industry standard 28 days used by similar behaving materials 
like concrete was awarded for drying before being tested in double-point compression. The 
beams were supported at two points one inch (1”) from the edge of the beam on the bottom, and 
two points of contact were applied on the top surface at nine inches (9”) from the edges of the 
beam. This configuration is show in Figure 10, below. 
 
Figure 10. Modulus of Rupture set-up. 
 
The point loads were evenly distributed to bring as much of the beam under maximum 
stress as possible, which proves useful when testing brittle materials in which the number and 
severity of flaws exposed to maximum stress relates to the flexural strength. Next, compressive 
force was applied steadily until the beams failed. The following equation computes the modulus 
of rupture based on this peak bending force (𝜎𝑓 ): 
𝜎௙ =
ଷி௅
ଶ௕ௗమ
                          (4) 
The averaged results of the Modulus of Rupture tests are contained in Table 4. The test produced 
a value of 54.4 psi, which is relatively low in comparison to similar materials like concrete which 
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has a flexural capacity of approximately 300 psi for a 3,000 psi compressive strength mix, 
showing that COB is a brittle material with less capacity for ductility. There have been studies 
conducted at the University of San Francisco that show COB can be made more ductile through 
the use of longer and mechanically-chopped straw, which means the mixing processes should be 
gentler to avoid the breakage of the straw.   
 The compressive tests were designed to ascertain the relationship between drying periods 
and strength. Therefore, nine 4 in. x 4 in. x 8 in. COB samples were created and three each were 
dried for one, two, and three months before being tested in the Tinius Olsen machine. To best 
ensure the integrity of the results, the COB was capped with plaster of paris (gypsum) to provide 
a flat surface for force application. Then compressive force was applied until failure. Figure 11 
shows a three month sample failure.   
 
Figure 11. Three-Month Drying Period Sample Failure. 
 
Aside from one outlier value in the two-month period, there was a near linear relationship 
between drying period and strength gain. The trend line function in Excel, as well as simple 
slope calculations produced a value of 7.33 psi strength gain per month once this outlier was 
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excluded from the analysis. The results are shown in Table 3, excluding the outlier. The peak 
average compressive strength for months 1, 2, and 3 are, respectively: 104, 112, and 126 psi. In 
comparison to similar tests conducted for Oregon COB, these calculated values are 
approximately 24% higher than the Pullen Scholz results for cylinder samples of the same size.   
 The final series of tests were to determine the Modulus of Elasticity, which provides a 
value for the resistance of a material to elastic deformation under loading. To conduct this test, 
three 6-in. diameter columns were constructed out of COB and provided a 28-day drying period. 
Next, sulfur caps were applied and the columns were placed in the Universal Testing Machine, 
where cameras were set up and calibrated to show elongation during the stretching force 
application. Unfortunately, the machine was incorrectly set-up to record the data, and the team 
was unable to salvage any information post-test. Thankfully, the University of San Francisco ran 
similar tests, and the value provided in Table 3 is based on conventional COB mix designs. The 
formula for calculating Young’s Modulus is as follows: 
𝐸 =
(ி/஺)
(௱௅/௅೚)
,                                         (5) 
Where F represents the maximum load at failure (lbs), A represents the cross-sectional area in 
inches squared, 𝛥𝐿 is the change in specimen height at failure (in), and 𝐿ைis the specimen’s 
original height. 
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Table 3. Small-Scale Testing Results. 
 
Flexural 
Capacity 
σ (psi) 
Compressive Strength f’c (psi) 
Young’s 
Modulus 
E (psi) 
1 Month 2 Months 3 Months 
T1 60.4 92 115 138 - 
T2 56.3 100 85 118 - 
T3 46.5 121 109 122 - 
AVG 54.4 104 112 126 10371* 
*Value obtained from the 2013 Rizza-Bottger tests at the University of San Francisco. 
  
Full-Scale Wall Test 
As stated earlier, the team tested four COB walls of seven feet in height under in-plane 
cyclic lateral loading which is discussed in depth in the senior design thesis COB: A Sustainable 
Building Material. For the common practice wall, as shown in Figure 3, there was data lost, 
which led the team to not be able to plot a hysteresis curve from the test. Even with no hysteresis 
curve, the team was able to obtain the average peak load and max lateral displacement, which 
were 6510 pounds (1183 pounds per linear foot) and 2.5 inches, respectively. The first wall test 
resulted in two predominant modes of failure: shear cracking and stress cracking where the 
threaded rod connected the top plate to the wall ends, as shown in Figure 12. 
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Figure 12. Common Practice Wall Post-Testing. 
 The medium reinforced wall with the 1.25:1 ratio provided similar results to the common 
practice wall with an average peak load of 6971 pounds (1267 pounds per linear foot) and 2.75 
inches of lateral displacement at peak load. Figure 13 shows the hysteresis curve for the 
performance of this wall in lateral cyclic loading. 
 
Figure 13. Hysteresis curve for Medium Reinforced wall (1.25:1). 
 
Based on Figure 13, this wall did provide additional strength towards one direction, 
which could be due to the stoppage of the machine mid-test for readjustments of the top plate. 
The top plate was adjusted due to the fact that there was contact with the wood top plate with the 
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metal t-plates connected to the testing machine, which could have caused resistance leading to 
higher testing loads. This wall’s failure mode was likely influenced by an hour-long pause in the 
testing to fix the contact between the wooden top plate and the metal T-plate. When combined 
with the rocking experienced during testing, the wall suffered crushing on the right hand side of 
the wall. 
 
Figure 14. Medium Reinforced Wall (1.25:1) Aspect Post-Testing. 
 The medium reinforced wall with a 2:1 ratio, as seen in Figure 5, had a similar 
configuration to the 1.25:1 medium reinforced wall. This wall provided an average peak load of 
4693 pounds (1340 pounds per linear foot) with a displacement of approximately four inches at 
peak load. As shown in the hysteresis curve in Figure 15, this wall proved to be much more 
ductile compared to the other three walls tested.  
 
28 
   
Figure 15. Hysteresis curve for Medium Reinforced Wall (2:1). 
 
 Unlike the medium reinforced wall with a 1.25:1 ratio, the wire mesh (along with the 
rebar running vertically through it) provided ductility to a very brittle material in COB. The 
failure mode in this wall was likely due to shrinkage during the drying period that resulted in a 
horizontal crack that extended around the entire wall, which happened at the couplers 
connections. This crack permeated the full wall during testing, resulting in failure. 
 
Figure 16. Medium Reinforced Wall (2:1 Aspect) Post-Testing. 
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 Finally, the heavily reinforced wall with a 2:1 ratio, as shown in Figure 6, was 
constructed based off what is commonly done in concrete and masonry. This wall provided an 
average peak load at 3104 pounds (887 pounds per linear foot) with a lateral displacement of 
three inches at peak load, which is shown in the hysteresis curve in Figure 17. 
 
 
Figure 17. Hysteresis curve for Heavily Reinforced Wall (2:1). 
Both the low lateral resistance and displacement, in the heavily reinforced wall with a 2:1 
ratio suggest that there was minimal interaction between the COB and the rebar, which led to 
weak points between the two. This wall experienced failure due to slippage of the rebar through 
the COB because of a weak bonding matrix. The rebar slippage likely resulted in the lower 
strength capacity of this wall design. 
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Figure 18. Heavily Reinforced Wall 2:1 Aspect Post-Testing 
 
Analysis 
To better interpret the hysteresis curves for the walls, envelope curves were created on 
each specific graph. The envelope curves would better allow the team to see the elastic and 
inelastic portion of each hysteresis curve, to show the performance of the wall more clearly. 
Figure 19 represents the envelope curves for the 2:1 ratio medium reinforced wall. 
 
 
Figure 19. Envelope Curves for 2:1 Ratio Medium Reinforced Wall. 
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Since the test was in-plane lateral cyclic loading, two envelope curves were created from 
the hysteresis curve, as shown in Figure 19. The two different envelope curves were overlapped 
in the first quadrant, by taking the absolute value of all points in the envelope curves. These two 
curves were then averaged, using similar lateral displacement values, to produce one final 
envelope curve for each hysteresis curve. Figure 20 represents the one envelope curve for each 
wall, which allowed the team to understand and compare the performance of the walls. 
 
 
Figure 20. Final Envelope Curve for Each Wall. 
 
Based on Figure 20, the medium design wall with the ratio 1.25:1 provided the highest 
peak lateral resistance. This medium design wall had a 1.25:1 aspect ratio with a width of five 
foot six inches (5’ 6”), while the walls with a 2:1 ratio had a wall width of three foot six inches 
(3’ 6”). Due to the difference in widths, the graph was adjusted to represent a lateral resistance 
per linear foot, shown in Figure 21. 
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Figure 21. Envelope Curves with Lateral Resistance in pfl. 
 
As seen in Figure 21, the medium reinforced wall with a 2:1 ratio provided a higher 
lateral resistance per linear foot, even though the medium reinforced wall with a 1.25:1 ratio 
provided a higher peak lateral strength (in pounds). Based off the results, the medium reinforced 
wall with a 2:1 ratio provided a higher lateral resistance per linear foot and was the most ductile 
wall of the four walls tested. This result indicates that the medium reinforced wall with a 2:1 
ratio was the team’s best performing wall, which is important to note, because the team’s 
structural house components were based off this wall and had a heavy reliance on the structure’s 
ability to deflect. 
 
R-Value 
From the envelope curves created from the hysteresis curve, the team was able to find R- 
Modification Values for three of the four walls due to data loss from the Common Practice Wall. 
Typically, R-Modification Values are used for a structure as a whole in order to reduce the 
design loads for seismic motion. Structures that have a low R-Modification Value are structures 
made of brittle material. The higher the R-Modification Value correlates to higher ductility in the 
structure. Even though R-Modification Values are used for structures, the team used APA Report 
158 Method to find an R-Modification Value for the wall as a unit. For the team’s design 
33 
component, the group looked into the future of COB and how roof connections, wall to wall 
connections, and window and door openings would react under seismic loading within a COB 
wall. The wall with Medium Reinforcement and 2:1 ratio gave the best results, so the team 
looked into its R-Value for design.  
 
 
Figure 22. APA 158 Method for Medium Reinforced 2:1 Ratio Wall. 
 
 Looking at this walls envelope curve in Figure 22, the team found the peak load (𝑉௠௔௫) to 
be 4800 pounds. It is standard to find the displacement past peak load corresponding with a load 
of 80% of this peak load (.8𝑉௠௔௫), found as 3840 pounds. The corresponding delta ultimate        
(𝛥௨) was found as 5.6 inches. An elastic curve was then drawn from the origin and another curve 
was drawn down from the peak (𝑉௠௔௫). The point of this intersection was the yield load (𝑉௬) 
found to be 3300 pounds. This point was dropped down to the x-axis to find the wall’s delta 
yield (𝛥௬), which equaled 2 inches. This step provided enough information to solve for R using 
the following equation: 
𝑅 = 𝑅௢ඥ2𝜇 − 1 where 𝜇 = ∆𝑢/∆𝑦 and 𝑅ை =
.଼ ௏ೠ
௏೤
                                   (6) 
 This equation was also utilized for all three walls. The results of this method can be seen 
in Table 5.  
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Table 4: Calculated and Adjusted R-Values using APA 158 Method. 
 
Wall Number Calculated R-
values 
Adjusted R-Values 
Heavy Design 
2:1 Ratio 
 (Wall 2) 
1.8 2 
Medium 
Design 2:1 
Ratio  
(Wall 3) 
2.52 2.5 
 
Medium 
Design 1.25:1 
Ratio 
(Wall 4) 
1.39 1.5 
 
  
 Table 4 shows the R-Values for each wall. Additionally, these values were adjusted, as 
the common practice for ASCE codes is to round to the nearest 0.5. After calculating a best 
estimate for the R-values and providing both peer and professional visual inspections of the yield 
point, the calculated R-values were approved. Next, after comparing these values to like 
materials, the numbers were adjusted up or down to the nearest 0.5. Further research is necessary 
to definitively utilize these values, but for now they serve as an approximation for design 
calculations. 
Design Components 
Based on both full and small scale testing, the team provided suggestions for different 
house components for COB structures. In order to provide structural details, a sample COB 
structure layout was needed to allow the team to create designs and provide calculations for each 
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structural element. Figure 2, represents a simple one-story structure to base the design and 
calculations on. 
 As seen in Figure 2, the sample structure the team worked with has the dimensions of 20 
feet wide and 30 feet long. This structure has one exterior door and four windows. The team 
decided that the roof would be a standard wood truss for ease of constructability. As stated 
earlier in the report, the Medium Reinforced wall with a 2:1 ratio (Wall 3) provided the best 
results in strength and ductility, therefore was used as a basis for this design portion. 
 
Wall to Wall Connection 
 The first items to consider in the design of the wall to wall connections are the 
requirements and loads that this connection must meet. The wall to wall connections are high 
stress points, where COB, a brittle material may experience focuses of cracks. Due to this, COB 
houses are often built circular, but this design was not chosen as this is not a typical house design 
in Santa Clara. The primary focus in the design of this connection was therefore facilitating the 
transfer loads from wall to wall. There were several design iterations, but the ultimate design 
selected was a prefabricated rebar cage in the connection point that could be tie-wired to the 
horizontal wire mesh that extends through the design of Medium Design 2:1 Ratio wall that was 
utilized in the sample design house. This rebar cage would help provide structural integrity at a 
point of stress concentration, as well as framing for the construction of the house. The issues 
with rebar slippage through the COB would be mitigated by the prefabricated cage’s welded 
connections and embedment in the concrete foundation. Additionally, in the design, vertical wire 
mesh fills the space between the horizontal rebar of the rebar cage and connects to the vertical 
rebar in the wall design. The wire mesh has been proven to increase both ductility and durability, 
acting to transfer load in ways rebar cannot. The finalized design is shown in Figure 23. 
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Figure 23. Wall to Wall Connection Design. 
COB is a highly dense material, and as the roof design is lumber, the self-weight of the 
structure does not have a significant impact on the wall to wall connection design. Calculations 
show that lateral loading will have more of an impact based on the material’s behavior. The 
theoretical house setting is in Santa Clara, so based on this location, wind loads have little impact 
on this connection, but seismic loading will control the design. Appendix A-1 contains the 
Equivalent Lateral Seismic Calculations utilized to determine the loads applied to the house. 
Based on the USGS seismic profile for the region, and the calculations shown, the structure will 
experience a shear force of 19.5 kips and an overturning moment of 136.8 kip-ft. These values 
are based on the seismic R-modification value of 2.5 based on the approximated value for 
Medium Design 2:1 ratio wall (Wall 3). The next step was to determine how much deflection 
would occur on the COB walls, required rebar size, and whether the COB, wire mesh, and rebar 
could withstand the applied loads.  
 In calculating the deflection of the COB wall, the modulus of elasticity was required. 
This value was found by utilizing the results of a series of similar small-scale tests at the 
University of San Francisco. The calculations are shown in Appendix A-1. Based on the material 
properties, and the dimensions of the largest wall to obtain the maximum expected deflection, a 
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combined displacement due to applied loads of 0.0855 in. can be expected. This was calculated 
by combining the displacement due to flexural deformation, ∆௕, and the displacement at the top 
of the wall due to shear, ∆௩, whose equations are provided below: 
𝛥௩ =
1.2௏ு
0.4ா஺
                                                                                                  (7) 
𝛥௕ =
௏ு3
3ாூ ೤
                                                (8) 
where V represents the shear calculated using the Equivalent Lateral Method, H is the height of 
the wall in inches, E is the modulus of elasticity in ksi, A is the cross-sectional area of the wall, 
and Iy represents the area moment of inertia. This displacement must be resisted by the rebar 
cage and wire mesh. 
 Based on prior strength capacity of wire mesh utilized in the wall design by former Santa 
Clara students studying straw-bale walls under similar cyclic loading tests, it was determined that 
the wire mesh had an ultimate strength capacity of 69.3 ksi on average (Ackerson, 2017). The 
calculations for this are included in Appendix A-1. This capacity was well beyond the strain 
application of the wall deflections combined with the seismic shear applied to the structure. 
 The next series of design calculations pertain to the rebar cage requirements. Included in 
Appendix A-1., the maximum applied loads on a shear wall was calculated based on the 
following factored load combination: 
0.9𝐷 + 1.0𝐸,                                                                                              (9) 
 where D represents the dead load applied to the structure, and E is the earthquake load. Based on 
this result, the maximum dead load is 12.96 kips, and the earthquake loads are the same as 
expressed above. The loads are based on a corner connection that would receive the greatest load 
based on the length of the wall provided to resist the same magnitude of shear. Based on these 
loads, the required area of steel to resist was calculated using the following equation: 
𝐴𝑠௥௘௤ =
2.5ெೠ
஍௙೤ௗ
−
௉ ೠ
௙೤
                                                                                 (10) 
In this equation, 𝑓௬represents the grade of the steel, d is the width of the wall, 𝑀௨ is the 
overturning moment, and Pu is the maximum applied dead load. Ultimately the required area of 
steel was only 0.02 in², which is exceptionally low, showing the density of COB shear walls and 
their resistance to loading. As #5 bars were used in the original wall design, the team decided to 
use a standard one foot spacing, square, #5, rebar cage, which contains an enormous factor of 
safety in its over-design.  
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 A final check of this theoretical connection includes the shear distribution in the structure 
was calculated. Figure 24 shows how the in-plane COB walls would resist applied shear based 
on the direction of applied seismic loads.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Shear Load Distribution in the COB Walls. 
 
In this image, the in-plane walls distribute the load evenly based on symmetry, and the span of 
the walls was calculated into their seismic shear received. The 20 foot walls must resist a greater 
quantity of shear per foot, therefore based on their span, the seismic shear would reach a 
maximum of 0.48 kip/ft. Based on the yield point of the full-scale Wall 3 tested, the minimum 
yield point is 0.97 kip/ft, over double the required resistance. Additionally, the yield point was 
chosen for design purposes, as the ability of the occupant to flee the structure before yielding 
V=19.5 kips 
Resistance Force = 
19.5/2 kips 
Resistance 
Force = 19.5/2 
kips 
V=19.5 kips 
Resistance Force = 
19.5/2 kips 
Resistance Force 
= 19.5/2 kips 
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instead of ultimate failure is required. Based on these calculations, this connection should serve 
to protect the structure and occupant from location based loading.  
 
Roof to Wall Connection 
When looking at a roof to wall connection in a COB structure, there are forces that one 
must consider, which are the weight of the roof and the wind pressure. In this case, based off the 
team’s simple one-story COB structure, the weight of the roof would be negligible because the 
COB walls weight is much more than a wood truss roof. Wind pressure was the major factor 
when designing the roof to wall connection. The design wind pressure (p) was calculated using 
𝑝 =  𝑞𝐺𝐶௣  −  𝑞௜(𝐺𝐶 ௣௜),                                                                       (11) 
where q is wind pressure, G is gust effect factor, 𝐶௣ is roof pressure coefficients, and (G𝐶௣௜) is 
internal pressure coefficient. The wind pressure equation can be seen as: 
𝑞 =  0.00256𝐾௭𝐾௭௧𝐾ௗ𝑉 
2
 ,            (12) 
where 𝐾௭ is the velocity pressure coefficient, 𝐾௭௧ is the topographic factor, 𝐾ௗ is the wind 
directionality factor, and V is the wind velocity. These variables are determined based on 
location, so in this case the location will be in Santa Clara, California, which can be seen in the 
completed calculations in Appendix B-1. The worst case for uplift wind pressure for wind 
perpendicular to the ridge was 15.44 psf on the leeward section of the roof. The worst case for 
wind parallel to the ridge was 21.14 psf (acting from the ground to 9.5 feet up) and 13.53 psf the 
remaining 2.5 feet of the height of the structure as seen in Appendix B-1. 
 The team created three designs for roof to wall connections as seen in Appendix B-1. The 
goal was to incorporate the weight of the COB to help resist the uplift force provided by wind 
pressure. As seen in the initial designs, this consisted of a metal plate with a cast-in anchor or j-
hooks under the wire mesh. There was also the option of having rebar extend through the COB 
wall to connect the roof to the concrete foundation. In addition to the forces, the team also 
considered constructability, since this would have to be constructed in the field. The team 
selected the final design, as shown in Figure 25. 
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Figure 25. Final Roof to Wall Connection Design. 
 
In this final design the metal plate and cast-in anchor are providing the same effect as the 
J-hook anchor bolts were. The connection between the wire mesh and the metal plate allow the 
entire layer of COB on top of the wire mesh to resist the uplift force of the wind pressures. Since 
the wire mesh is laid out across that layer of COB, it interacts with the weight of the COB to 
resist uplift. Based on the worst case scenario calculated, there would be a total of 6600 lbs of 
uplift force on the roof (15.4 pounds per square foot on the leeward side of the roof) due to the 
wind speed in Santa Clara. In order to resist this force, the connection between wire mesh and 
metal plate, as seen in Figure 25, will have to be 28 inches below the top of the COB wall. The 
cast-in anchor can easily increase its length to lower the wire mesh and metal plate connection, 
which could incorporate more weight of the COB wall if higher wind pressures resistance was 
needed.  
 Another issue wind pressure creates is shearing between the cast-in anchor and the COB. 
Since no test has been done for this failure mode, the team based the calculations on the 
performance of the common practice wall test. As seen in Figure 3 in the beginning of this 
report, the common practice wall had a layout similar to this roof to wall connection design with 
anchors extending one foot down from the top plate that connected to the in-plane lateral cyclic 
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loading machine. Based on video recordings of the test, the team was able to see at what time 
and at what load shear failure began to show at the top of the wall, as seen in Figure 26. 
 
 
Figure 26. Shearing between COB and Anchors during Common Practice Wall Test. 
 
During this failure, this common practice wall was resisting 2800 lbs of lateral force. 
Based off this wall having six anchors into the COB, for this test, the resistance of shear was 
approximately 467 pounds per anchor. The total load the wind force was producing for the roof 
connection to take in the parallel to ridge was 1477 pounds. Based on the design of the team’s 
sample COB one story structure, it would have a total of 12 cast-in anchors (two feet apart and 
one foot away from the edge) along the 30 foot long house structure, which can be seen in 
Appendix B-1. The 12 cast-in anchors will be more than enough to resist the 1477 pounds of 
shear force that the wind produces, based off the 467 pounds per anchor that is being used. The 
team believes that the 467 pounds per anchor found is a conservative value to use for multiple 
reasons. In the configuration of the common practice wall, the anchors were only three inches 
away from the edge of the wall, unlike in the roof to wall connection for this structure, which 
was one foot away from the edge. The anchors will also go in 28 inches deep into the COB, 
unlike the common practice wall which only went down 12 inches. Finally, the 467 pounds per 
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anchor does not take into account the additional strength that the wire mesh will create during 
shearing. 
 The wire mesh is another factor that needed to be considered during the design process. 
Since the wire mesh is being used to resist the uplift force of the roof, the team needed to make 
sure it could resist the loads. A concern the team had was the metal plate possibly punching 
through the wire mesh. Upon deconstructing the walls after testing, some signs of rusting were 
noticed in the wire mesh. To eliminate this concern, the team recommends the use of galvanized 
wire mesh to make sure the wire mesh has its full strength. To make sure the strength of the wire 
mesh was sufficient, the team looked at “Material Effects on Straw-Bale Wall Seismic Capacity” 
where they tested and found the strength of the same wire mesh used in the COB walls 
(Ackerson, 2017). The strength of the wire mesh is 69.3 kilopound per square inch (ksi), which is 
sufficient to support the wind pressure uplift forces. 
  
Window and Door Openings 
 The final connection the team looked at was door and window openings. When looking at 
openings in an earthen wall, there are factors to consider. One factor was the weight of COB 
resting on the headers. COB 94.2 pounds per cubic foot(
௟௕
௙௧3
), so the door and window headers 
must be able to support the weight. If the header were to be nailed underneath the top plate of the 
COB wall, the team had to consider if these two members would resist max shear and moment 
seen under seismic loading. The New Zealand Building Code focuses on using concrete bond 
beams, however this could be difficult to construct in the field due to the placement and curing 
time of the concrete. The team, therefore, considered the use of concrete versus wood framing 
within the COB wall. With all of these considerations, the team decided on the final design, seen 
in Figure 27.  
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Figure 27. Final Door and Window Opening. 
 
 In the final design, the team decided to incorporate wood framing within the COB using 
Douglas Fir. Douglas Fir framing was chosen over concrete bond beams due to ease of 
constructability. For both the window and door opening, the header is nailed to the top plate and 
supported on trimmers. Per the seismic load found in the Wall to Wall Connection design, the 
total force a wall would see in the 30 foot span is 19.5 kips. This force can be reduced in half, 
however, because each wall would take half the load. The force that the header and top plate 
would experience was reduced down to 9.75 kips. For the window opening, this header was 
designed to be three feet long making the shear force the top plate and header must resist was 
0.406 kips per foot(
௞௜௣௦
௙௧
). This was found by treating the length-wise portion of the wall as a 
segmented shear wall, dividing the total force the wall would experience (9.75 kips) by the 
length of wall separated by the window and door openings.  
 The group decided upon using 16d sinker nails (diameter of 0.148 in, length of 3.25 in) to 
nail the header to the top plate. To find the shear the nails could withstand, NDS Table 12N was 
referenced. For a 16d nail in a 2x4 Douglas Fir-Larch, the force a nail would withstand was 
found as 118 lbs. In order to counteract the 0.813 kips per foot (
௞௜௣௦
௙௧
) the header and top plate 
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were experiencing, it was found that 22 nails would be needed. These nails would be staggered 
with 11 nails per side at three inches of spacing.  
 The team also decided to incorporate wire mesh underneath the window sill to prevent 
shear cracking along the frame. The shear force increases as it spreads down through the wall 
because the force accumulates around the opening. The shear force experienced before the 
window reaches the COB was found to be resisting 1.625 kips per foot (
௞௜௣௦
௙௧
). Likewise, the shear 
below the window was found to be resisting 1.3 kips per foot(
௞௜௣௦
௙௧
). These forces were working 
in opposite directions so the forces were subtracted to find a final resisting force between the sill 
and wire mesh to be 0.325 kips per foot(
௞௜௣௦
௙௧
). 
 In order to find the number of staples needed to withstand the 0.325 kips per foot(
௞௜௣௦
௙௧
), 
IBC Section 2300 was referenced. This code provided information on allowable staples to use. 
The team decided on one inch deep, 7/16 inch wide staples to use to tie the window sill into the 
horizontal wired mesh. The force these nails could resist, however, was not found within the 
code so Engineering Tips had to be referenced. A structural engineer on the site traced 
information back to ISANTA NER-272. From there, the structural engineer was able to find 
equations for the staple legs and derived 52 lbs based on NDS Table 11 Diaphragm Loads. Using 
this value, it was found that 20 staples would be needed in the sill at a two inch spacing.  
 Calculating the door opening was similar to that of the window opening, where the shear 
force between the header and top plate 0.325 kips per foot(
௞௜௣௦
௙௧
). The nails used to connect the 
header to the top plate were also 16D sinker nails, withstanding 118 lbs per nail per NDS Table 
12N. As a result, 10 nails would be staggered in the width of the top plate (2’8”) with seven inch 
(7”) spacing between nails.   
 
Cost Estimate 
 Probable Cost 
The following Table 3, contains the submitted budget for funding approval through Santa Clara 
University. The items contained cover everything from reinforcement, construction materials, 
transportation for the walls from the Structural Lab to the testing apparatus, and any incidental 
costs associated with testing. Outside of these items, the team also received donated concrete 
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through a Santa Clara Alum at Central Concrete, high clay content soil from the COB Research 
Institute, and both materials and expertise from the lab manager, Brent Woodcock.  
 
 Table 5. Project Budget by Item. 
Item Price Quantity Total 
5/8" Anchor Bolts $       4.00 48 $     192.00 
5/8" x 10 ft Rebar Foundation 
Connection 
$       9.00 11 $       99.00 
Forklift $  275.00 2 $     550.00 
Reinforcing Lumber 
2”x4”x10’ 
$       7.00 6 $       42.00 
Timber (lf) $    28.00 10 $     280.00 
Plywood 1”x4’x8’ $    41.00 3 $     123.00 
All Purpose Sand Bag $       4.00 30 $     120.00 
Pre-mix Concrete (cyd) Donated 56.9 $         0.00 
    Total $  1,406.00 
 
 Assumptions 
 This budget contains several assumptions; the first being that the majority of these items 
could be reused for the other walls. This assumption proved to be incorrect, as they were either 
required fixtures for a long duration, or would be exhausted before being able to be reused. 
Additionally, the budget excludes several vital items on the assumption the other COB group 
would be purchasing them. Several of the approximated item costs were incorrect, and ultimately 
the team did go over budget by approximately three hundred dollars. The team has stated that 
COB is an inexpensive material, but the total budget might state otherwise. In this specific case, 
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the team needed to over design on multiple components needed to test the walls, like the base 
and top plate design, due to no previous full scale testing. Over design required more material, 
which led to more money needed to be spent. Additionally, a forklift was rented in order to 
transport a wall to the testing machine, which is a cost that does not apply in the field. The full 
scale tests provided useful information about the performance of COB, which will lead to more 
accurate designs and less expensive construction in the future. 
 
Conclusion 
The team believes it is important to have a reliable and green building made with 
inexpensive materials. COB was seen as a material that can fulfil this goal, therefore full-scale 
testing was performed on this material. From these tests, the team looked deeper into the data to 
propose possible connections that can be built in the field that follows the Building Code. This 
project’s research is a step to allow people to become their own builders. Testing of four full 
scale COB walls allowed the team to represent the strengths and failure modes of COB in a way 
that it has not been done before. Both the full scale testing and COB structure connections 
provided stepping stones for future research in COB. With these new developments in COB, 
baselines were created to hopefully lead to future testing and improvements on COB shear walls 
and COB as a green building material. 
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Appendices 
Wall to Wall Connection Calculations (A-1)
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 Roof to Wall Connection Calculations (B-1) 
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